The full crystal structure of the copper-uranyl tetrahydroxide mineral (vandenbrandeite), including the positions of the hydrogen atoms, is established by the first time from X-ray diffraction data taken from a natural crystal sample from the Musonoi Mine, Katanga Province, Democratic Republic of Congo. The structure is verified using first-principles solid-state methods. From the optimized structure, the mechanical and dynamical stability of vandenbrandeite is studied and a rich set of mechanical properties are determined. The Raman spectrum is recorded from the natural sample and determined theoretically.
Introduction
The use of copper as an exterior canister corrosion barrier for the disposal of radioactive waste was proposed in 1978 in Sweden. 1 The concept has been adopted by the national research programs of nuclear waste management of many countries including those in Sweden (SKB), Finland (POS-IVA), [22] [23] [24] [25] [26] [27] and Canada (NWMO). [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Copper is also considered as an alternative material in Switzerland (NAGRA), 47, 48 Japan (JNC) 49, 50 and Korea. 51 The fundamental motivations for the choice of composite canisters with a copper external shell are the observation that copper is essentially inert in an anoxic environment, its large thermodynamic stability at the conditions of a deep geological repository (DGR), and the existence of natural analogues for the long-term corrosion of copper nuclear waste containers. 7, 8, 22, 29 The disposal models in these countries are similar and comprise an underground repository situated more than four hundred meters below the water table in stable host rock environments which are sealed using a bentonitebased backll material. Under these conditions, copper provides a very long-lived containment with predicted very long canister lifetimes. 9 The corrosion of the exterior copper canister barrier as well as a long series of related issues have been studied extensively by the Scandinavian, Finnish and Canadian organizations and many other institutions from the European Community. 52 An entirely new nuclear facility in which the exterior copper canister concept will be put in practice is being developed to handle the permanent disposal of spent nuclear fuel (SNF) at ONKALO (Olkiluoto site, Finland). Finland was the rst country to issue a construction license for a DGR, granted in November 2015. The operation license application will be submitted in 2020, the repository being sealed up to 2120. [23] [24] [25] [26] [27] Although the well-established thermodynamic data of copper lead to the expectation that it will corrode to a very limited extent in a closed system 2, 3, [11] [12] [13] [14] [19] [20] [21] 28 and that this kind of canisters will protect the SNF against corrosion in a stable form during very long times, [4] [5] [6] 9, 15, 16, 23, 25, [42] [43] [44] [45] the corrosion processes increase upon oxic and humid conditions and high temperatures and pressures. Furthermore, the experiments carried out in the presence of high radiation elds 18, 46 show that the dissolution of copper and the rate of formation of oxide layers increase upon radiation signicantly, and that aqueous radiation chemistry is not the only process driving the corrosion of copper in these systems. It has been anticipated that, aer storage times on the order of thousands of years, the barriers that protect the SNF will be breached and, then, the used fuel will enter in contact with oxygen and water. 58 Under high radiation elds producing the radiolysis of water at the surface of SNF, the formation of hydrogen peroxide and other oxidant species is expected. [59] [60] [61] [62] [63] [64] An oxidative environment has been postulated 65 in a layer near the fuel surface (within <50 mm of the fuel surface). Thus, the U(IV) in the matrix of the SNF, mainly composed of uranium dioxide, could be oxidized to U(VI), and dissolve in water forming uranyl groups. The uranyl groups can precipitate forming secondary phases on the spent fuel surface depending on the local conditions of pressure, temperature, pH and redox potential and the concentrations of reactive species present. [66] [67] [68] [69] The formation of secondary phases can reduce the release and environmental impact of the ssion products and heavier actinides contents in the SNF to the biosphere 70 because they may be retained in the crystal structures of these phases.
If copper canisters are used, clearly the secondary phases of SNF containing this element will acquire an enormous relevance. In particular, the copper-uranyl tetrahydroxide mineral (Cu(UO 2 )(OH) 4 ) vandenbrandeite, studied in this work, is one of the most important uranyl minerals containing copper. Other important uranyl and copper containing minerals are the uranyl silicate cuprosklodowskite, 71, 72 the uranyl carbonates paddlewheelite 73 and voglite, 74 the uranyl vanadate sengierite, 75 the uranyl sulfates johannite, [76] [77] [78] and pseudojohannite, 79 the uranyl phosphates torbernite, metatorbernite 80 and ulrichite, 81, 82 and the uranyl arsenates zeunerite and metazeunerite. 80 The knowledge of the structures of uranyl minerals [83] [84] [85] is crucial to evaluate the possible incorporation of ssion products and transuranic elements into their crystal structures. 70, [86] [87] [88] Besides, the study of the crystal structures, spectra and physical and chemical properties of uranyl-containing minerals is fundamental for the study of the corrosion processes occurring in uraninite-bearing ore deposits 66, [89] [90] [91] and for understanding the paragenetic sequence of secondary phases that arises from the corrosion of spent nuclear fuel (SNF) under the nal geological disposal conditions. [92] [93] [94] [95] [96] [97] [98] Vandenbrandeite was collected in 1932 by Schoep 99 in the Kalongwe Copper-Cobalt mine from the Katanga Province in Democratic Republic of Congo (DRC). Its name was coined in honor to Pierre Van den Brande, a Belgian geologist who discovered the Kalongwe deposit. However, this mineral was encountered by the rst time a year prior to the nding by Schoep, by Thoreau 100 in the Shinkolobwe uranium mine also from Katanga Province (DRC), and called it uranolepidite. According to the well-known convention that prior names should be preferred, the name uranolepidite should be used, but the name vandenbrandeite has been adopted as the standard name surely due to the most detailed description of the specimen from the Kalongwe mine. Vandenbrandeite is found as a secondary mineral appearing frequently in the oxidation zones of the hydrothermal uranium ore deposits containing copper. Thus, vandenbrandeite mineral is mainly formed from the oxidation and dissolution/precipitation process of uraninite in contact with primary copper minerals. 101, 102 Due to his large uranium content, this mineral is extracted from mines for uranium production.
Vandenbrandeite synthetic material was produced by Bignand 103 in 1955 from mixtures of copper acetate and uranyl acetate at 140 C and also by heating schoepite with an excess of copper acetate at 140 C. The crystal structure of vandenbrandeite was found to be triclinic by Milne and Nuffield 104 in 1951 and was precisely specied by Rosenzweig and Ryan in 1977. 105 However, the determination of the positions of the hydrogen atoms in the unit-cell of vandenbrandeite has not been possible so far. The infrared spectrum of vandenbrandeite was reported by Povarennykh 106 in 1979 andČejka and Urbanec 107 in 1990 but the spectrum was given without interpretation. A detailed investigation on the thermal properties of vandenbrandeite and its infrared spectrum was reported by Cejka in 1994, 108 who assigned the bands in the experimental infrared spectrum empirically.
While the crystal structures of the majority of the uranyl minerals are reasonably well-known, 71-84 the positions of the hydrogen atoms in their unit cells are unknown in many cases. The solution of this problem is currently being attempted by means of experimental X-ray diffraction techniques 72, [109] [110] [111] [112] and rst-principles theoretical methods. [113] [114] [115] [116] [117] [118] [119] In the specic case of copper-containing uranyl minerals, the full-crystal structure of cuprosklodowkite was recently determined experimentally. 72 The full crystal structure of vandenbrandeite, including the positions of the hydrogen atoms within the corresponding unit cell, was rst obtained by using the rst principles methodology in 2016 (see the ESI of ref. 119 ). However, it was determined employing small calculation parameters. In the present work, the full crystal structure of vandenbrandeite was determined independently by means of the structure renement from X-ray diffraction data taken from a natural crystal sample collected from Musonoi Mine (Katanga Province, DRC). The obtained crystal structure was conrmed by means of the rst principles solid-state methodology employing accurate calculation parameters, using the previous theoretical structure as initial input.
From the full energy-optimized crystal structure of vandenbrandeite, its elasticity tensor and equation of state 120 were computed and used to study the stability of this structure and to determine its mechanical properties using theoretical methods. The values of these properties were predicted since they have not been measured experimentally up to date. The experimental Raman spectrum of vandenbrandeite was recorded from the natural crystal sample from Musonoi Mine (DRC). The corresponding spectrum was also determined using density functional perturbation (DFPT). The computed and experimental spectra were in good agreement and, consequently, all the bands in the Raman spectrum were rigorously assigned to specic vibrational motions using a normal mode analysis of the computed vibrational data.
The fundamental thermodynamic functions of vandenbrandeite (specic heat, entropy, enthalpy and Gibbs free energy) were calculated as a function of temperature using theoretical phonon calculations. 121 The resulting functions were utilized to derive the corresponding enthalpies and Gibbs free energies of formation in terms of the elements as a function of temperature. These thermodynamic properties of formation were then merged with those of other important uranylcontaining materials such as dehydrated schoepite (UO 2 (OH) 2 ), soddyite ((UO 2 ) 2 (SiO 4 )$2H 2 O), rutherfordine (UO 2 CO 3 ) and gamma uranium trioxide (g-UO 3 ), [121] [122] [123] [124] [125] to derive the Gibbs free energies of reaction and the associated reaction constants 124, 125 of the transformation reactions: 4 12 ]$12H 2 O(cr), and studtite, 121 (UO 2 )O 2 $4H 2 O, in the presence of water and hydrogen peroxide and in the presence of high concentrations of hydrogen peroxide, respectively, were obtained by considering the corresponding reactions:
The temperature dependent thermodynamic properties are key parameters for the performance assessment of radioactive waste repositories because the stability of the secondary phases of the spent nuclear fuel under nal geological disposal conditions is highly dependent of the temperature. 124, 125 The computed thermodynamic parameters together with those derived in previous works 114, 115, [121] [122] [123] [124] [125] permitted to determine the thermodynamic stability of vandenbrandeite with respect to a selected set of the most relevant secondary phases of SNF under nal geological disposal conditions. One of the most important motivations of this work is to contribute to the development of nuclear Raman 113,117-120 and thermodynamic databases. 114, 115, [121] [122] [123] [124] [125] [125] [126] [127] [128] [129] Raman spectroscopy is one of the main techniques used to identify uraniumcontaining materials because it does not need a special preparation of the samples, a very small amount of sample is required and it is non-destructive. Thus, this spectroscopic technique minimizes the difficulties in the handling of these materials associated to its radiotoxicity and the costs of the analyses because the samples may be reutilized. Furthermore, the use of the rst principles methodology allows for a rigorous assignment of the Raman bands, customarily performed using rough empirical arguments frequently leading to incomplete and even incorrect assignments. The availability of accurate thermodynamic information is indispensable in nuclear sciences because it permits to model the dynamical behavior nuclear materials under diverse geochemical conditions. An accurate thermodynamic database is a prerequisite in calculations supporting the safety performance assessment of radioactive waste disposal systems. 128, 129 The stabilities and dissolution rates of uranyl minerals are functions of their composition, temperature, and local conditions (mainly pH and redox potential), and their prediction requires the knowledge of the Gibbs free energy, enthalpy, and entropy thermodynamic functions of formation for each phase of interest and their variation with temperature. While the amount of thermodynamic data available at normal conditions is quite large, reliable temperature dependent thermodynamic information is completely lacking for most of the uranyl containing materials. 126, 127 For the case of vandenbrandeite, there are not thermodynamic data even at room temperature. The development of a more complete nuclear thermodynamic database using the rst principles methodology combined with experimental techniques should permit to carry out realistic thermodynamic computations involving a signicant number of these materials, providing a profound understanding of uranium mineral paragenesis and of the corrosion processes in uranium deposits and SNF repositories. This paper is structured as follows. In Section 2, the experimental and rst principles solid state methods employed in this work are described. The experimental full crystal structure of vandenbrandeite derived from X-ray diffraction data is also reported. Section 3 contains the main results of this work and the discussion of these results. The results concerning the crystal structure, the hydrogen bonding, the computed X-ray diffraction pattern, and the mechanical, spectroscopic and thermodynamic properties of vandenbrandeite are considered in six separate subsections. Finally, the conclusions of this work are presented in Section 4. green prismatic crystals up to 1 mm in length was analyzed by means of single-crystal X-ray diffraction. A long-prismatic fragment (0.065 Â 0.052 Â 0.025 mm) of a vandenbrandeite crystal was selected for data collection at room temperature with a Rigaku SuperNova single-crystal diffractometer (MoK a radiation from a micro-focus X-ray tube collimated and monochromatized by mirror-optics and detected by an Atlas S2 CCD detector). It was found that vandenbrandeite was triclinic, space group P 1, with a ¼ 5.
. These unit-cell parameters are in good agreement with the values reported by Rosenzweig and Ryan. 105 Integration of the diffraction data, including corrections for background, polarization and Lorentz effects and absorption correction was carried out with the CrysAlis RED program. 130 The crystal structure of vandenbrandeite was solved by the charge-ipping algorithm using the SHELXT program. 131 The structure was then rened using the soware Jana2006 with the full-matrix least-squares renement based on F 2 . 132 The structure solution included the locations of all atoms except hydrogens. The positions of hydrogen atoms were later established from the difference-Fourier maps. The H atoms were rened using a mix of so constraints on O-H distances, 0.95(4)Å, and with the atomic displacement parameter, U eq , of each H set to 1.2 times that of the donor O atom.
2.1.2. Raman spectroscopy. The Raman spectrum of vandenbrandeite was collected from the natural crystal sample from Musonoi Mine (DRC). The Raman spectra were obtained in the range from 4000 to 40 cm À1 using a DXR dispersive Raman Spectrometer (Thermo Scientic) mounted on a confocal Olympus microscope. The Raman signal was excited by an unpolarized red 633 nm He-Ne gas laser and detected by a CCD detector. The experimental parameters were: 100Â objective, 10 s exposure time, 300 exposures, 50 mm slit spectrograph aperture and 6 mW laser power level. The spectra were repeatedly acquired from different grains in order to obtain a representative spectrum with the best signal-tonoise ratio. The eventual thermal damage of the measured point was excluded by visual inspection of excited surface aer measurement, by observation of possible decay of spectral features in the start of excitation and checking for thermal downshi of Raman lines. The instrument was set up by a soware-controlled calibration procedure using multiple neon emission lines (wavelength calibration), multiple polystyrene Raman bands (laser frequency calibration) and standardized white-light sources (intensity calibration). Spectral manipulations were performed using the Omnic 9 soware (Thermo Scientic).
2.2.
Theoretical solid-state methods 2.2.1. Crystal structure. The vandenbrandeite crystal structure was obtained by using the Cambridge Serial Total Energy Program (CASTEP), 133 a program of the Materials Studio program suite. 134 All the computations were performed with the Perdew-Burke-Ernzerhof (PBE) energy-density functional 135 complemented with Grimme's empirical dispersion correction 136 (DFT-D2 approach). Periodic Density Functional Theory based on plane wave basis sets and pseudopotentials to describe the internal atomic electrons 137 was utilized. The specic pseudopotentials employed were standard normconserving pseudopotentials 138 from CASTEP package for the Cu, O and H atoms in the unit cell of vandenbrandeite. For the U atom, a relativistic norm-conserving pseudopotential generated from rst principles 119, 139 was used. This pseudopotential has been validated widely for the research of the crystal structures, vibrational spectra and properties of uranium containing materials. [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [139] [140] [141] [142] [143] [144] The unit-cell parameters of vandenbrandeite and the associated atomic positions were fully optimized by means of the Broyden-Fletcher-Goldfarb-Shanno (BFGS) technique. 145 A large plane wave kinetic energy cut-off parameter of 3 ¼ 1000 eV and a dense k-mesh 146 of 3 Â 5 Â 4 (30 k-points) were employed. These calculation parameters were selected to produce a well converged crystal structure, energy and properties. The X-ray powder diffraction patterns of vandenbrandeite were obtained 147 from the experimental and computed crystal structures using the soware REFLEX included in Materials Studio program suite. 134 The inuence of the Hubbard correction, 148 allowing for a correct description of the strong Coulomb repulsion between electrons in f orbitals, was also evaluated. The introduction of this correction, improving signicantly the description of uranium containing systems in which uranium exists with IV oxidation state, [149] [150] [151] [152] [153] [154] seems not to be needed for vandenbrandeite as shown in Section 3. In fact, for a numerous set of materials in which uranium exists with VI oxidation state, the standard DFT description provides a reliable description of their structures and properties. [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [139] [140] [141] [142] [143] [144] [155] [156] [157] [158] [159] [160] [161] [162] 2.2.2. Elastic tensor and equation of state. The technique of nite deformations 163 was employed to determine the matrix elements of the stiffness tensor 164 needed to compute the elastic properties of vandenbrandeite and to evaluate the mechanical stability of its crystal structure. This method, which appears to be more efficient for this purpose than density functional perturbation theory and the energy based methods, 163 has been effectively applied for the computation of the elastic response of many solid materials. 113, [115] [116] [117] [118] 120, 122, 141, 142, 144, [165] [166] [167] [168] [169] The derivatives of the bulk modulus with respect to pressure were determined by tting the lattice volumes and associated pressures to a 4 th order Birch-Murnahan equation of state. 170 The unit cell volumes in the neighborhood of the optimized structure were obtained by optimizing the vandenbrandeite crystal structure under sixteen different external pressures with values in the range À1.0 to 9.0 GPa. The t of the pressure-volume data to the selected equation of state was performed employing Angel's EOSFIT 5.2 code. 171, 172 The optimizations under pressure were also performed using the BFGS method. ElAM computer program 173 was employed to obtain the 3D representations of the mechanical properties of vandenbrandeite as a function of the direction of the applied strain.
2.2.3. Raman spectrum. The theoretical determination of the Raman spectra of vandenbrandeite was performed using density functional perturbation theory. [174] [175] [176] The computed values of the Raman shis and the corresponding band intensities correspond to the harmonic approximation of the interatomic force eld and no scaling procedures were applied. These scaling procedures are frequently used to improve the computed Raman shis by correcting them empirically for the anharmonicity and remaining approximations used in the specic theoretical treatment used. 177 However, the unscaled Raman shis obtained using the DFPT method in previous works 113, [117] [118] [119] [120] 123, [139] [140] [141] [142] [143] have provided consistently accurate descriptions of the vibrational spectra of uranyl-containing materials. Therefore, we considered advisable to employ the DFTP method without applying any kind of scaling procedure.
2.2.4. Thermodynamic properties 2.2.4.1. Fundamental thermodynamic properties. The fundamental thermodynamic functions of vandenbrandeite were obtained by performing phonon calculations at the optimized structure. The phonon spectra at all the points of the Brillouin zone were calculated by means of the density functional perturbation theory (DFPT) method as second order derivatives of the total energy. 174 The phonon dispersion curves and density of states were calculated from the computed phonon spectra and, from them, the fundamental thermodynamic functions (Gibbs free energies, enthalpies, entropies, and specic heats) were obtained in the quasi-harmonic approximation. 178, 179 The thermodynamic properties of formation and reaction were then evaluated in terms of the calculated fundamental thermodynamic properties using the methods described in the next subsections. 121 
In these relations, D f H 0 is the enthalpy of formation at the standard state of the material being investigated (temperature of 295.15 K and pressure of 1 bar), and (H T À H 298 ) exp i and (S T ) exp i are the enthalpy and entropy functions of the elements forming part of this material with stoichiometric coefficients n i , respectively. The precise value of D f H 0 for vandenbrandeite employed in this work will be given below. The thermodynamic functions for copper, oxygen and hydrogen were taken from JANAF (Joint Army-Navy-Air Force) thermochemical tables 180 and those for uranium from the book by Barin. 181 The reaction constants of the formation reactions were calculated from the corresponding Gibbs free energies of formation employing the relationship: 180
2.2.4.3. Thermodynamic properties of reaction. The enthalpies and Gibbs free energies of reaction at the different temperatures were calculated from the computed Gibbs free energy and entropy of formation functions, D f G(T) calc and D f S(T) calc , by means of the expressions: 124, 180 
where,
In these equations, D f G i (T) and D f S i (T) denote the Gibbs free energy and entropy of formation at temperature T of the compound i entering in the reaction with stoichiometric coef-cient n i . The thermodynamic functions for CuO(cr), SiO 2 (cr), H 2 O(l), CO 2 (g), and O 2 (g) were taken from JANAF thermochemical tables 180 and those of H 2 O 2 (l) from Barin. 181 The reaction constants were calculated from the Gibbs free energies of reaction by using the eqn (3).
3 Results and discussion 3.1. Crystal structure Uranium atom in vandenbrandeite displays pentagonal bipyramidal coordination. Fixing the cutoff for the Cu-O bondlength to 3.2Å, the copper atom displays distorted octahedral coordination. Although two of the oxygen atoms in the coordination sphere of copper atom have Cu-O distances which are much larger than the remaining four oxygen atoms, the analysis of the computed electron density of vandenbrandeite using Bader's theory 182 for the quantum mechanical description of the chemical bond conrmed that they must be included in the coordination structure of copper atom. In vandenbrandeite, the uranium and cooper coordination polyhedra form dimers by sharing an equatorial edge with another polyhedra of the same kind. The main building blocks in the crystal structure of vandenbrandeite are shown in Fig. 1A . The copper dimers share two faces (one from each monomer) with uranium dimers to form uranyl cuprate layers as shown in the Fig. 1B . Finally, the uranyl cuprate layers are linked by sharing the uranium and copper polyhedra apical vertices as shown in the Fig. 1C .
The unit cell of vandenbrandeite is triclinic, space group P 1 (no. 2). The computed unit-cell parameters, volume and density are given in Table 1 where they are compared with the corresponding experimental data. The differences between the calculated and experimental volumes are only about 0.3% with respect to the present crystal data and 0.8% with respect to those from Rosenzweig and Ryan. 105 The dispersion corrections improved signicantly the computed crystal structure of vandenbrandeite since, as it can be seen in the rst line of Table 1 , the computed unit-cell volume obtained using the uncorrected PBE energy-density functional overestimates the experimental volume signicantly (2.8%). The Hubbard correction (which was applied with the parameter, 152 U eff ¼ 4.0 eV) does not introduce signicant changes to the computed crystal structure as shown in the third row of Table 1 . Since the Hubbard correction does not improve the description of vandenbrandeite, it was not used to obtain the properties and spectra of this mineral. The reason of the small impact of this correction is clear from Fig. S.1 of the ESI † where the frontier band functions (the highest occupied and lowest unoccupied one-electron wavefunctions), are displayed. Standard DFT predicts correctly that vandenbrandeite is an insulator with a band gap of 0.72 eV. As can be seen, the highest occupied band function is predominantly composed of contributions localized in d orbitals of copper atoms and p orbitals of oxygen atoms. The lowest unoccupied wavefunction represents mainly a combination of contributions localized in f orbitals of uranium atoms. Since the f orbitals in uranium are unoccupied, the Hubbard correction describing strong correlation between electrons occupying this type of orbitals is not required.
An illustrative set of interatomic distances and angles in vandenbrandeite are given in Tables S.1 The experimental and computed full crystal structures of vandenbrandeite are reported as ESI † in two les of CIF (Crystallographic Information File) type. It should be noticed that in the theoretical structure CIF le the coordinate system axes are permuted with respect to those of the experimental structure in the form a / b 0 ; b / Àc 0 ; c / a 0 . In this coordinate system, the slight triclinic distortion in vandenbrandeite with respect to a monoclinic system is more clearly shown because in this reference system the computed unit-cell parameters become a ¼ 7.8348Å, b ¼ 5.4450Å, c ¼ 6.1331Å, a ¼ 89.4481 , b ¼ 100.8179 , and g ¼ 90.2831 .
Hydrogen bonding
There are four inequivalent hydrogen bonds in vandenbrandeite, O5-H10/O7, O6-H12/O5, O7-H9/O3 and O8-H11/O4. As shown in Tables S.1 and S.2 of the ESI, † all of them are short and quite nearly linear. Except for the rst hydrogen bond O5-H10/O7, which is fully contained with a given uranylcuprate layer, the remaining hydrogen bonds link two different layers as shown in Fig. 2 . 
X-ray powder diffraction patterns
The soware REFLEX included in Materials Studio program suite 134 was utilized in order to obtain the X-ray powder diffraction patterns of vandenbrandeite from the theoretical and experimental crystal structures using CuK a radiation (l ¼ 1.540598Å). These patterns are compared in Fig. 3 in which a true experimental X-ray powder diffraction pattern of vandenbrandeite 183,184 is also included. The last pattern is from a natural sample from Shinkolobwe Mine, Shaba, Democratic Republic of Congo, taken from Record R080114 of RRUFF database. 183, 184 The agreement of the computed and experimental diffractograms is excellent. A more detailed comparison is provided in Table 2 , in which the calculated and experimental positions and intensities of the main reections are given. As can be observed, the X-ray powder pattern of vandenbrandeite is complex and contains a large number of reections with intensities larger than 10%. The reection having the largest difference in the calculated position with respect to experiment is [À121] (2q $ 34.5 ), the difference being only about 0.6 degrees.
Mechanical properties and stability
3.4.1. Stiffness tensor and stability. Because vandenbrandeite unit-cell possess triclinic space symmetry, the matrix elements of the matrix representation of the stiffness tensor are not related by symmetry and there are twenty one nonvanishing independent tensor elements, C ij (i # j). 156, 164 The calculated values of these matrix elements are given in Table S.3 of the ESI. † The indices of the matrix elements of the stiffness tensor are expressed using the standard Voigt notation in which a pair of Cartesian indices are contracted into a single integer (1 # i # 6: xx / 1, yy / 2, zz / 3, yz / 4, xz / 5, xy / 6).
The generic necessary and sufficient Born condition 185,186 for mechanical stability of a crystal structure is that the stiffness matrix C should be positive denite, i.e. all its eigenvalues should be positive. A numerical diagonalization of the C matrix of vandenbrandeite was carried out. The crystal structure of vandenbrandeite is mechanically stable because all the eigenvalues were found to be positive. Besides, the fulllment of the dynamical stability condition of the structure was analyzed from phonon calculations. A crystal structure is dynamically stable, if and only if, all its phonon modes have positive frequencies for all wave vectors. 186 The calculated phonon density of states is shown in Fig. S.2 of the ESI. † As shown clearly in this gure, there are not negative energy phonons for vandenbrandeite. Consequently, the crystal structure of vandenbrandeite is mechanically and dynamically stable.
3.4.2. Mechanical properties. The Voigt, 187 Reuss, 188 and Hill 189 approaches were used to calculate the mechanical properties of polycrystalline aggregates of vandenbrandeite. As it has been encountered in many preceding works, 113, [115] [116] [117] 123, 141, 165, 166, 168, 169 the Reuss approach provided the best agreement between the calculated bulk modulus with the value of the single crystal bulk modulus obtained from the Birch-Murnahan equation of state (see next Section). The results obtained for the calculated elastic properties in the Reuss approximation are reported in Table 3 . Since the calculated ductility index, D ¼ 1.67, is smaller than 1.75, vandenbrandeite is a brittle material. 190, 191 The calculated Vickers hardness is H ¼ 3.71 and, hence, vandenbrandeite is a material of intermediate hardness. 192 The computed universal anisotropy index, 193 A U ¼ 0.84, is quite small and, therefore, vandenbrandeite is quite isotropic mechanically. This feature, indicated by the anisotropy index, is also clearly shown by the featureless dependence of the compressibility (the inverse of bulk modulus), Young and shear moduli and Poisson's ratio as a function of the direction of the applied strain, which is displayed in Fig. 4 
where:
The tted EOS parameters are the bulk modulus and its rst two derivatives with respect to pressure. The values found are given in Table 3 . The calculated bulk modulus, B ¼ 39.48 AE 0.74 GPa, is in excellent agreement with the value derived from the computed elastic constants, B ¼ 36.97 AE 0.27 GPa.
Raman spectroscopic characterization
The Raman spectrum of vandenbrandeite was recorded from a natural crystal sample from Musonoi Mine, Katanga Province (DRC) and determined using the rst principles methodology. The experimental and theoretical spectra are compared in Fig. 5 . The theoretical calculations reproduced satisfactorily the observed Raman spectrum. The band wavenumbers of both spectra along with the corresponding calculated intensities and assignments are given in Table 4 . A series of pictures of the atomic motions in some Raman active vibrational modes are provided in Fig. S.4 of the ESI. † The Raman spectrum is analyzed in ve different wavenumber regions: (i) OH stretching vibrations region from 3600 to 2700 cm À1 (Fig. 5A) ; (ii) the region from 2700 to 1300 cm À1 (Fig. 5E ); (iii) the region from 1300 to 900 cm À1 (Fig. 5B) ; (iv) the region from 900 to 600 cm À1 (Fig. 5C) ; and (v) the region from 600 to 40 cm À1 (Fig. 5D ). Since there are not theoretical bands in the region from 2700 to 1300 cm À1 , it will be described separately aer the analysis of the four main regions. 3.5.1. OH stretching vibrations region. In Fig. 5A , the experimental and theoretical Raman spectra of the OH bond stretching region are displayed. Although the computed bands are displaced with respect to the experimental bands, the shape of the computed spectrum is consistent with the shape of the experimental spectrum and the correspondence between the bands of both spectra is clear. The Raman spectrum within this region displays three bands denoted as a, b and c. The band a is resolved in two single band contributions located at 3510 and 3505 cm À1 and the bands b and c are found at 3419 and 2827 cm À1 , respectively. All these bands are assigned to OH bond stretching vibrations.
3.5.2.
The 1300-900 cm À1 region. This Raman spectrum within this region (Fig. 5B ) contains four main bands, referred to as g, h, i and j, located at 1153, 1008, 967 and 941 cm À1 , respectively, which are reproduced by the theoretical calculations at 1224, 1004, 991 and 936 cm À1 , respectively. The four bands must be ascribed UOH bending vibrations.
3.5.3. The 900-600 cm À1 region. The weak band k, at 884 cm À1 , is satisfactorily calculated to be at 894 cm À1 . This band is attributed UOH bending vibrations. The second band within this region (l), placed at 844 cm À1 , is reproduced theoretically at 834 cm À1 and is assigned to a combination of uranyl antisymmetric stretching vibrations, n a (UO 2 2+ ), and UOH bending vibrations. The very intense band m, at 803 cm À1 has its theoretical counterpart at 772 cm À1 . It is assigned to uranyl symmetric stretching vibrations, n s (UO 2 2+ ), and UOH bending vibrations. Finally, the band n, located at 656 cm À1 and reproduced theoretically at 631 cm À1 , is ascribed to UOH bending vibrations only. 3.5.4. The 600-40 cm À1 region. The band a, at 556 cm À1 corresponds to the calculated one located at 516 cm À1 and assigned to a combination of CuO bond stretching vibrations and UOH bending vibrations. Band a is composed of two subbands located at 492 and 463 cm À1 (see Fig. S.5 .A of the ESI †). These sub-bands are faithfully reproduced theoretically at 474 and 440 cm À1 . The rst band is assigned to UOCu and UOH bending vibrations and the second one to UOCu bending vibrations and hydroxyl translations. Likewise, the band g, at 406 cm À1 , corresponds to two theoretical bands located at 419 and 394 cm À1 . The rst band is attributed to UOCu bending vibrations and hydroxyl translations and the last one to OH bond stretching vibrations and UOH bending vibrations. The band d (see Fig. S.5 .B of the ESI †) comprises two sub-bands at 362 and 351 cm À1 . These component bands are replicated theoretically at 355 and 348 cm À1 , the rst being ascribed to UOCu and UOH bending vibrations and the second one to equatorial UO bond stretching vibrations and hydroxyl translations. The band 3 has two component bands at 331 and 316 cm À1 which are positioned in the theoretical spectrum at 324 and 312 cm À1 . The rst of these bands is attributed to a combination of UOCu bending vibrations and hydroxyl translations and the second one to hydroxyl translations only.
The band x, located at 276 cm À1 , is calculated to be at 271 cm À1 and assigned to uranyl deformations, UOCu bending vibrations and hydroxyl translations. Band h, at 246 cm À1 , corresponds to the three close theoretical bands at 249 and 232 and 228 cm À1 . The rst of these bands is assigned to uranyl deformations and UOH bending vibrations. The second one is ascribed to uranyl deformations and UOCu and UOH bending vibrations. The assignment of the third sub-band is the same as that of the 232 cm À1 band but uranyl deformations are replaced by uranyl bending vibrations. The band q, at 216 cm À1 , is very well reproduced theoretically at 2123 cm À1 and assigned to uranyl deformations and hydroxyl translations.
All the bands with lower wavenumbers in the Raman spectrum of vandenbrandeite (l, m, p and s) contain contributions from copper atom translations. The band l at 179 cm À1 appears in the computed spectrum at 171 cm À1 and must be assigned to uranyl rotations, UOCu bending vibrations and cooper and hydroxyl translations. The band m is composed of two subbands at 152 and 144 cm À1 which are reproduced theoretically at 155 and 141 cm À1 . Both bands are ascribed to uranyl rotations and cooper and hydroxyl translations. The band p, at 110 cm À1 , is calculated to be at 92 cm À1 and it is assigned to cooper, uranyl and hydroxyl translations and UOCu bending vibrations. Finally the band s, contains two contributing subbands at 74 and 65 cm À1 which are reproduced theoretically at 72 and 52 cm À1 , respectively. The two components of band s have the same assignment as band p.
The deformation (g), bending (d) and rotation (r) motions of the nearly linear uranyl cation appear in the assignments of the different bands of the low wavenumber region of the Raman spectrum of vandenbrandeite. Therefore, this spectral region should not be referred to as the uranyl bending region as it has been frequently denoted. The same was observed in the Raman spectrum of other uranyl minerals. The distinction between these motions was very clearly explained in a previous work. 117 The bending and rotation motions involve displacements of the uranyl oxygens out of the uranyl axis in the same and opposite directions, respectively. In the deformation motion, each oxygen displaces in a different direction.
It must be noticed that while the distribution of intensities in the 600-40 cm À1 region of the computed and experimental Raman spectra (Fig. 5D ) is quite different, the matching of the wavenumbers of the peaks of both spectra is very good and faultless and, therefore, the assignment of the bands of this region should be reliable.
3.5.5. The 2700-1300 cm À1 region. Although there are not bands in the theoretical Raman spectrum of vandenbrandeite from 1300 to 2700 cm À1 , a detailed examination of the experimental spectrum within this region shows the presence of three low intensity bands located at 2327 (d), 1604(e) and 1554 (f) cm À1 (see Fig. 5E ). The bands d and e are recognized as overtone bands and the band f is identied as a combination band, as detailed in Table 4 .
3.6. Thermodynamics 3.6.1. Fundamental thermodynamic properties. The Fig. 6A , B, C and D display the computed isobaric specic heat (C p ), entropy (S), enthalpy (H) and Gibbs free energy (G) functions of vandenbrandeite, respectively. The enthalpies and Gibbs free energies were divided by the temperature to express these properties employing the same units as for the specic heats and entropies (J K À1 mol À1 ). The detailed values of the calculated thermodynamic functions over the temperature range from 0 to 1000 K are reported in Tables S.4 to S.7 of the ESI. † The fundamental thermodynamic functions of vandenbrandeite have never been measured experimentally and, therefore, their values are reported in this work for the rst time. The calculated specic heat at 1000 K, the largest temperature considered, is 259.7 J K À1 mol À1 , which is 13.2% below the Dulong-Petit asymptotic limit, 299.31 J K À1 mol À1 .
The calculated specic heat and entropy of vandenbrandeite at 298.15 K are 179.8 and 199.6 J K À1 mol À1 , respectively. An accuracy of about 3-5% may be expected for the calculated specic heat and entropy at room temperature. The expected accuracy was estimated in a previous work 125 from the analysis of the results obtained for uranyl-containing materials using the same methods as in this work in the cases in which the corresponding experimental values were available. The fundamental thermodynamic properties of several non-uranyl containing materials, as natroxalate and oxammite minerals and solid squaric acid, [194] [195] [196] were also determined utilizing the same methods as in the present work and the results were found to be within the above mentioned expected accuracy. The dependence of thermodynamic properties on the temperature is also expected to be accurately reproduced. For example, the computed specic heats and entropies of g-UO 3 were in excellent agreement with their experimental counterparts in the temperature range from 0 to 1000 K. 123, 124 The differences of the calculated and experimental values of C p and S were 3.9% and 1.8% at 100 K and 6.1% and 3.6% at 1000 K, respectively.
3.6.2. Thermodynamic properties of formation. Since the standard enthalpy of formation of vandenbrandeite has not been measured experimentally, its value was estimated using an approximate method originally due to Tardy and Garrels 197 and later developed by Finch 198 and Ewing et al. 199, 200 Using this method we obtained, D f H 0 ¼ À1998.1 AE 10 kJ mol À1 (D f G 0 ¼ À1771.3 kJ mol À1 ), where the error estimate is a conservative value resulting from the analysis of the values of the differences between the observed and estimated values in a set of cases in which the experimental values are known. The enthalpies and free energies of formation of vandenbrandeite in terms of the elements as a function of temperature were determined from this value of D f H 0 , the computed fundamental thermodynamic functions of vandenbrandeite and the experimental thermodynamic properties of the elements Cu, O and H from Chase et al. 180 and those of U from Barin. 181 The computed values are given in Table 5 . The Gibbs free energy of formation as a function of temperature is displayed in Fig. S.6 of the ESI. † If the experimental value of D f H 0 of vandenbrandeite is accurately determined from experimental measurements in the future, the full temperature dependent thermodynamic properties of formation can be reevaluated directly by subtracting the estimated value from the values given in Table 5 and adding the new experimental value. The theoretical thermodynamic functions of formation and their temperature dependence are expected to be accurate within about 3%. This estimate of the expected accuracy was also obtained in a previous work 125 from the analysis of the thermodynamic functions of formation obtained using the same theoretical methodology used here for uranyl containing materials for which experimental data was available.
3.6.3. Thermodynamic properties of the reactions (A) to (D). The computed thermodynamic functions of formation of vandenbrandeite, given in the previous section, were combined with those of gamma uranium trioxide, dehydrated schoepite, rutherfordine and soddyite, reported in a previous work, 121 to study the reactions (A) to (D) given in the Introduction section. These reactions represent the formation of vandenbrandeite in terms of the corresponding oxides and the transformations of dehydrated schoepite, rutherfordine and soddyite minerals into vandenbrandeite, respectively. The experimental thermodynamic data for the non-uranyl containing materials involved in these reactions were taken from JANAF tables. 180 The results are given in Table S .8 of the ESI † and plotted in Fig. 7 .
From the results (see Fig. 7A ), it follows that vandenbrandeite becomes unstable with respect to the corresponding oxides approximately at 116 C (390 K). The calculations predict (Fig. 7B ) that dehydrated schoepite will transform, in the presence of copper oxide, into vandenbrandeite up to 83 C (356 K). As shown in Fig. 7C , under the presence of carbon dioxide, vandenbrandeite should transform into rutherfordine within the full range of temperatures considered (300 to 500 K). Similarly (Fig. 7D) , from 300 to 500 K, vandenbrandeite should transform into soddyite in the presence of silicon dioxide (quartz). If both carbon dioxide and silicon dioxide are simultaneously present, vandenbrandeite should transform into soddyite because the Gibbs free energy of reaction (D) is larger than that of reaction (C) at all the temperatures. These thermodynamic relations, being very useful and rigorous, must be interpreted and used with caution. A full evaluation and understanding of the number and relative amount of the secondary phases of spent nuclear fuel present at the conditions of a nal geological disposal over time requires the realization of complete thermodynamic computations 124, 125, [201] [202] [203] [204] employing thermochemical data for a signicant number of materials, including the most important secondary phases, amorphous phases and aqueous species, at a wide range of temperature and pressure conditions. For example, the presence of oxidant species as hydrogen peroxide (see next section) and their concentration alters drastically the relative stability of the secondary phases of the SNF.
3.6.4. Thermodynamic properties of reactions (E) and (F). As in the previous section, the calculated thermodynamic properties of formation of vandenbrandeite were merged with those of schoepite and studtite minerals reported in previous works 115, 121 to study the reactions (E) and (F) provided in the Introduction section. The reaction (E) represents the transformation of vandenbrandeite into schoepite in the presence of water and hydrogen peroxide and the reaction (F) represents the corresponding transformation into studtite in the presence of hydrogen peroxide and absence of water. The last situation is important because is the one expected under intense radiation elds causing the radiolysis of most of the water reaching the surface of the spent nuclear fuel. The thermodynamic experimental data for the non-uranyl systems needed to determine the enthalpies and Gibbs free energies of these reactions were taken from JANAF tables, 180 except those of hydrogen peroxide, which were taken from Barin. 181 The results are given in Table S .8 (ESI †) and displayed in Fig. 7 . Liquid hydrogen peroxide is thermodynamically stable up to 500 K, 181 the larger temperature for which the thermodynamic properties of reactions (E) and (F) have been determined.
Since the Gibbs free energies and enthalpies of reaction (E) are negative everywhere (see Fig. 7E ), the reaction of conversion of vandenbrandeite into schoepite under the presence of water and hydrogen peroxide is spontaneous and exothermic from 300 to 500 K. This is due to the great thermodynamic stability of schoepite at these conditions. 115 The same is true for reaction (F) as shown in Fig. 7F . Hence, vandenbrandeite phase will be converted into studtite under high hydrogen peroxide concentrations. Although vandenbrandeite, as it occurred with schoepite, metaschoepite and becquerelite uranyl oxide hydrate phases, 115, 116 is largely stabilized under high concentrations of hydrogen peroxide, its stabilization under these conditions is not as large as that of studtite phase. 124 Kubatko et al. 205 and Forbes et al. 206 observed experimentally that becquerelite, dehydrated schoepite and soddyite transform readily into studtite in the presence of high concentrations of hydrogen peroxide. The transformation of uranium trioxide, rutherfordine, metastudtite, schoepite and metaschoepite and becquerelite into studtite was also predicted in previous works. 115, 116, 124, 125 Vandenbrandeite should also transform into studtite under these conditions. 3.6.5. Relative thermodynamic stability of vandenbrandeite with respect to other secondary phases of the spent nuclear fuel. Using the present thermodynamic data and those reported in previous works 115, 116, 124, 125 the order of stability of vandenbrandeite, uranosphaerite, becquerelite, schoepite, metaschoepite, dehydrated schoepite, studtite, metastudtite, soddyite, rutherfordine and g-UO 3 may be evaluated: (A) in the absence of hydrogen peroxide; (B) in the presence of water and hydrogen peroxide; and (C) in the presence of high hydrogen peroxide concentrations. The relative stability of these phases at these conditions in the range of temperatures from 300 to 500 K is plotted in Fig. 8 . The relative thermodynamic stabilities displayed in Fig. 8A, B and C are determined with respect to g-UO 3 , metastudtite and studtite, respectively. Fig. 8A shows that, in the absence of hydrogen peroxide, soddyite is the most stable phase and that rutherfordine and becquerelite (the second and third most stable phases at 300 K) are also more stable than vandenbrandeite. Thus, at hydrogen peroxide free conditions, vandenbrandeite should be replaced by other mineral phases in the presence of, for example, silicate or carbonate ions. The uranyl oxide hydrate phases ( Fig. 8B) are stabilized by the presence of water and hydrogen peroxide. The same appears to occur with the uranyl-copper tetrahydroxide phase. As shown in Fig. 8B , under the presence of water and hydrogen peroxide, vandenbrandeite becomes the second most stable phase aer schoepite (becquerelite becomes more stable than vandenbrandeite at 373 K). Fig. 8B shows that in the presence of water and hydrogen peroxide, there is a large stability gap between schoepite, vandenbrandeite, metaschoepite and becquerelite minerals and the remaining ones. Finally, in the presence of high hydrogen peroxide concentrations ( Fig. 8C) , the stability of vandenbrandeite also increases as it also occurs to studtite, schoepite, metaschoepite and becquerelite. 114, 115, 124 Under high concentrations of hydrogen peroxide, studtite becomes by far the most stable phase. Vandenbrandeite becomes the fourth most stable phase among those considered in this work and again there is a large stability gap between studtite, schoepite, metaschoepite, vandenbrandeite and becquerelite and the remaining phases under study.
Conclusions
A complete characterization of the crystal structure, the Raman spectrum and the mechanical and thermodynamic properties of the copper-uranyl tetrahydroxide mineral vandenbrandeite has been achieved by means of the X-ray diffraction and infrared and Raman spectroscopy techniques combined with rst principles solid-state methods. The full crystal structure of vandenbrandeite, including the positions of the hydrogen atoms is obtained by the rst time from X-ray diffraction data by structure renement. Furthermore, the computed crystal structure is conrmed theoretically since the computed unit-cell parameters, interatomic distances and angles and X-ray diffraction pattern of vandenbrandeite are in excellent agreement with the experimental data. The availability of the full energy-optimized crystal structure of vandenbrandeite made possible the computation of its mechanical properties, Raman spectrum and thermodynamic properties using the rst-principles methodology. We conclude that the rst-principles methods provided a faithful description of vandenbrandeite crystal structure and spectra at the nanometer scale and allowed to determine a signicant amount of relevant material properties whose accurate determination by means of experimental methods could be extremely difficult.
From the computed elasticity matrix, equation of state and phonon spectra, the mechanical and dynamical stability of the crystal structure of vandenbrandeite were stablished and a rich set of relevant elastic properties were derived. This set comprises the bulk, shear and Young moduli, ductility, hardness and universal anisotropy indices and the derivatives of the bulk modulus with respect to pressure. The Raman spectrum of vandenbrandeite was recorded from a natural crystal sample and was also determined using density functional perturbation theory. The computed and experimental spectra have a very high degree of consistence and, therefore, all the Raman bands were rigorously assigned using a normal coordinate analysis of the theoretical vibrational results. The Raman spectrum within the spectral region from 1300 to 2700 cm À1 was shown to contain three low intensity bands. Two of these bands were recognized as overtones and the other one as a combination band.
From accurate phonon calculations, the fundamental thermodynamic properties of vandenbrandeite were evaluated. These thermodynamic properties were then used to determine the thermodynamic properties of formation of vandenbrandeite in terms of the elements as a function of temperature. In turn, the thermodynamic functions of formation were employed in order to obtain the Gibbs free energies of reaction and the associated reaction constants of a series of reactions involving vandenbrandeite and a representative subset of the most important secondary phases of spent nuclear fuel. The relative stability of vandenbrandeite with respect to these phases as a function of temperature and under different concentrations of hydrogen peroxide was reported. It was found that vandenbrandeite is strongly stabilized under the presence of hydrogen peroxide and that, under the simultaneous presence of water and hydrogen peroxide, becomes the second most stable phase among those considered in this work aer schoepite.
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